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The TRIUMF ultracold advanced neutron (TUCAN) collaboration is a
transpacific collaboration with the objective to measure the neutron elec-
tric dipole moment. We aim for an unprecedented sensitivity of 10−27 e cm,
an improvement by a factor of 30 over the current upper limit for this elu-
sive quantity. To achieve this goal, we are planning a next-generation
source for ultracold neutrons, based on a new, dedicated neutron spalla-
tion source at TRIUMF, liquid deuterium as cold moderator, and super-
fluid helium as ultracold-neutron converter. To operate at the full beam
power of 20 kW, a 3He fridge will provide a cooling power of 10 W at 0.8 K,
cooling the converter to a temperature of 1.1 K.
Thanks to extensive optimization of neutron moderation, heat trans-
port in superfluid helium, and ultracold-neutron transport we expect a
density of polarized ultracold neutrons in the experiment of 350 cm−3, al-
lowing us to reach the aspired statistical sensitivity in less than 400 beam
days.
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1 Introduction
How the matter-antimatter asymmetry in the universe came about is still one of
the unsolved mysteries in physics and cosmology. As worked out by Sakharov [1],
processes violating CP symmetry are a necessary ingredient for such an asymmetry
to arise in the early universe.
Although CP violation can be observed within the Standard Model of particle
physics in Kaon decays [2], B-meson decays [3], and potentially in neutrino oscil-
lations [4], the effects are not large enough to explain the large matter-antimatter
asymmetry observed today. To explain it, new sources of CP violation beyond the
Standard Model are needed.
Electric dipole moments (EDMs) of leptons, atoms, and nucleons constitute a
direct violation of CP symmetry and are some of the most sensitive probes for CP
violation [5]. Measurements of the neutron EDM combining Ramsey’s method of
separated oscillating fields [6] with ultracold neutrons (UCNs) are one prominent
example.
Ultracold neutrons have energies of a few hundred nanoelectronvolts and can be
trapped for hundreds of seconds by bottles of certain materials, magnetic fields, and
gravity. Additionally, they can be polarized to a high degree, making them uniquely
suitable for Ramsey-type measurements. These measurements have reached impres-
sive sensitivities, putting an upper limit on the neutron EDM of 3.0 · 10−26 e cm [7].
This limit is still far above the minuscule neutron EDM of 10−32 e cm predicted by
the Standard Model, but it puts stringent constraints on many theories introducing
new sources of CP violation and predicting a much larger neutron EDM [5].
Progress of neutron-EDM experiments is currently limited by the small number
of ultracold neutrons that the handful of sources worldwide can provide [8], since
accumulating the necessary statistical sensitivity takes years. A major avenue to
reach higher sensitivity is to develop new, intense sources for ultracold neutrons.
Recent developments of new sources have focused on superthermal processes: a
cold neutron scattering in a converter material can induce solid-state excitations and
lose almost all of its energy, becoming an ultracold neutron [9]. Cooling the converter
to sufficiently low temperatures suppresses the inverse process of up-scattering and
allows the ultracold neutrons to exit the converter and be guided along UCN-reflecting
guides into an experiment.
Two converter materials are commonly used: solid deuterium [10, 11, 12] and
superfluid helium [13, 14, 15]. Solid deuterium cooled to a temperature of 5 K offers
a rich spectrum of solid-state excitations and high UCN-production rate, but the
UCN density that can be extracted is limited by its high neutron-absorption cross
section [16]. Conversely, superfluid helium has a lower UCN-production cross section,
but by cooling it to temperatures around 1 K and reducing the abundance of neutron-
absorbing 3He isotopes, up-scattering and absorption can be highly suppressed [17].
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To perform a measurement of the neutron EDM with a sensitivity of 10−27 e cm,
the TUCAN collaboration is currently planning a next-generation source of ultracold
neutrons using a neutron spallation source and a superfluid-helium converter. This
source will provide a second experimental port that can be used by other ultracold-
neutron experiments.
2 Production and losses of ultracold neutrons in
superfluid helium
The dispersion relations of free neutrons and phonons in superfluid helium cross at
an energy of 1 meV. A cold neutron with that energy can excite a single phonon,
lose virtually all its energy, and get converted to an ultracold neutron. Detailed
measurements of neutron scattering in superfluid helium show that multi-phonon
scattering can contribute as well at energies up to 5 meV [18, 19].
The UCN-loss rate in superfluid helium is given by
τ−1 = τ−1wall + τ
−1
up + τ
−1
abs + τ
−1
β . (1)
The wall-loss lifetime τwall is typically tens to hundreds of seconds. The up-
scattering rate is strongly temperature-dependent and roughly follows
τ−1up ≈ B ·
(
T
1 K
)7
(2)
with B between 0.008 s−1 and 0.016 s−1 [20]. The absorption lifetime τabs is dominated
by absorption on 3He but can be increased to more than 1000 s with isotopically
purified helium. The storage lifetime is ultimately limited by the β-decay lifetime of
free neutrons of τβ = 880.2(10) s [21].
To reduce the up-scattering rate to a similar level as the wall-loss rate, the super-
fluid helium has to be cooled to a temperature around 1 K. With a UCN-production
rate P , the total number of UCN accumulated in the source after the target has been
irradiated for a time t is
N = Pτ
[
1− exp
(
− t
τ
)]
, (3)
reaching N(t→∞) = Pτ for irradiation times much longer than the storage lifetime.
3 Neutron spallation and moderation
3.1 Beamline and spallation target
In preparation for a new UCN source, we set up a dedicated beamline at TRIUMF
[22]. TRIUMF’s cyclotron provides a 483 MeV proton beam of which up to 40 µA
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Figure 1: Detailed simulation models of the spallation target (left, top view) and
neutron moderators (right, side view). The moderator vessels are made of aluminium
6061.
can be diverted onto the new tungsten spallation target. With a recently installed
prototype UCN source [15]—originally developed in Japan [14]—the beamline is cur-
rently limited to 1 µA. To increase UCN production by a factor of 40, the planned
next-generation source will be designed to operate at the full beam power of 20 kW.
3.2 Moderator optimization
To estimate UCN production and heat load to the cold moderator and superfluid-
helium converter, we performed extensive simulation studies of the spallation target
and the neutron moderators with the Monte Carlo software MCNP6.1 [23]. We
built a detailed simulation model of the spallation target, taking into account beam
windows, target housings, cooling water, gaps in the primary lead moderator, and
material compositions determined from assays, see fig. 1.
Using a similarly detailed model of the neutron moderators, see fig. 1, we per-
formed a multi-parameter optimization, optimizing thicknesses of all moderators lay-
ers at once. The goal of this optimization is to maximize the UCN density delivered
to the EDM experiment. A reasonable estimator for the density ρ is the total number
of UCN that can be accumulated in the source diluted into the combined volume of
source, UCN guides, and experiment V :
ρ ∝ Pτ
V
. (4)
The losses of ultracold neutrons during transport to the experiment should be inde-
pendent of the source itself and can be neglected for the purpose of this optimization.
We performed the optimization for a range of wall lifetimes τwall between 60 s and
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100 s, a range of the combined volume of UCN guides and experiment between 100 L
and 200 L, and a range of assumptions for the relation between heat load on the
converter and its temperature, see section 4.
The optimized result is shown in fig. 1. At the full beam power of 20 kW, the
expected UCN-production rate is 2 · 107 s−1, the expected heat loads on the converter
and cold moderator are 9.6 W and 38 W. The converter volume, excluding the UCN
guide, contains 34 L of superfluid helium. North American fire code limits the quantity
of liquid deuterium to 150 L, so the optimizations were performed with a deuterium
volume fixed to 125 L.
With this multi-parameter optimization we were able to do a fair comparison be-
tween different cold moderators. Performing the same optimization for solid heavy
water and liquid hydrogen showed that liquid deuterium gives a 2.5 times higher UCN
density than solid heavy water and a 3 times higher UCN density than liquid hydro-
gen. Another advantage of liquid deuterium are its well-known neutron-scattering
properties already included in MCNP. For solid heavy water there is no specific scat-
tering model available, instead we had to rely on a free-gas model with an effective
temperature of 80 K, which is the minimum effective neutron temperature achieved
with solid-heavy-water moderators [24].
3.3 Considered improvements
Using the simulation model, we studied several options to further improve the per-
formance of the source.
The reduced moderation performance of the natural abundance of para-deuterium
turned out to reduce performance by at most 5 %. Hence, we are not including a
para-ortho converter in the initial design. The effect of hydrogen contamination in
commercially available deuterium also impacts the performance by less than 1 %.
We considered using a “neutron filter” made from cold polycrystalline bismuth be-
tween the cold moderator and converter. These simulations were made possible with
a neutron-scattering kernel for polycrystalline bismuth provided by Y.-S. Cho [25].
Although the neutron filter increased UCN density by 27 %, the massive heat load
on the cold bismuth and its activation added additional risks and we did not pursue
this option further.
Best improvements are achieved by reducing thicknesses of vessels or replacing
them with more suitable materials like beryllium. Especially the converter vessel has
the highest impact. Replacing it with a vessel made of pure beryllium can increase
UCN density in the experiment by 100 % compared to a vessel made of aluminium
6061. Unfortunately, pure beryllium is prohibitively expensive, but good results
can be achieved with beryllium-aluminium alloys like AlBeMet [26] and magnesium-
aluminium alloys, which can increase UCN density in the experiment by 30 % to
50 %.
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Figure 2: Product of vapor pressure and latent heat of 3He and 4He [27].
4 Cooling superfluid helium to 1 K
To cool helium below its boiling point, the vapor pressure above the liquid has to be
lowered by pumping. We considered two methods to achieve a helium temperature
around 1 K: directly pumping on the superfluid helium itself or pumping on a 3He
reservoir with a heat exchanger to the superfluid helium.
The heat Q = n˙L removed from a liquid per unit time is given by the mo-
lar evaporation rate n˙ and the latent heat of vaporization L. Assuming the pump
pumping on the vapor has a volumetric pumping speed S, the evaporation rate is
n˙ = pS/(RTpump), where p is the vapor pressure, R the universal gas constant, and
Tpump the vapor temperature at the pump inlet. The cooling power of this pumping
system is then
Q =
pLS
RTpump
. (5)
The main advantage of 3He is that its product of vapor pressure and latent heat
pL in the relevant temperature range is between 10 and 100 times greater than that of
4He, see fig. 2. Removing the expected heat load of 10 W by directly pumping on 4He
at a temperature of 1.1 K would require a massive pumping speed of 30 000 m3 h−1 or
more, depending on the pressure drop in the pumping duct.
However, 3He has an extremely high neutron-absorption cross section and it has
to be placed far away from the spallation target. To bridge the distance between
the UCN-production volume close to the spallation target and the 3He-filled heat
exchanger we need a long conduction channel filled with superfluid 4He.
The rate of heat transport QGM in a superfluid-helium-filled channel with cross
section A and length L from a higher temperature TH to a lower temperature TL can
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Therefore, the problem with the theory appears to be that it does not include additional
thermal coupling mechanisms which can make a large contribution, particularly at
relatively high temperatures, T > 1 K.
A number of improvements to the acoustic mismatch theory have attempted to
bring the calculations in closer agreement with experiment. One such improvement
adds to the model a high-density helium layer at the interface between the solid and
bulk liquid [57–60]. The existence of this layer has been demonstrated in helium
adsorption studies, see Sect. 10.2. It occurs because the helium molecules are bound
tightly to the surface by van der Waal interactions. Since the interfacial region
consists of several components––the solid, perhaps two high-density atomic layers
of solid helium, and then the liquid – it is possible to have boundary scattering occur
at each of these interfaces. Finite phonon transmission and reflection coefficients
can be assumed to occur at each boundary. Defining the phonon absorption coeffi-
cient v as the fraction of incident phonons that are absorbed, we can make this an
adjustable parameter and fit the data to the best choice of 0 < v < l. This approach
allows for a good fit to experimental data above 0.5 K [54].
Fig. 7.36 Experimental values for the Kapitza conductance of copper between 1.3 K and Tl
(Compiled by Snyder [54])
290 7 He II Heat and Mass Transfer
Figure 3: Left : Gorter-Mellink heat-conductivity function calculated from different
models [28, 27, 29]. Right : Kapitza conductance over an interface between superfl id
helium and copper [28].
be calculated with the Gorter-Mellink mo el [30]:
QGM =
(
A3
L
∫ TH
TL
f(T )−1dT
)1/3
. (6)
The heat-conductivity function f(T )−1 has been xperimentally determined with high
accuracy at temperatures above 1.4 K. At lower temperatures, however, different
models deviate from each other, see fig. 3.
The interfaces between superfluid helium, heat exchanger, and 3He introduce addi-
tional resistance to heat transport. The heat transport from a liquid with temperature
Tl to a solid with temperature Ts is QK = hK(Ts − Tl). The so-called Kapitza con-
ductance hK is typically estimated with the Khalatnikov model [28] multiplied with
an empirical scaling factor kG:
hK = kG · 20 W m−2 K−4 · T 3l . (7)
The Kapitza conductance between superfluid helium and copper has been well stud-
ied. It depends largely on surface quality and the scaling factor kG varies between 10
for dirty surfaces and 80 for clean surfaces, see fig. 3. Taking into account the density
and sound velocity of 3He, we can estimate the Kapitza conductance between copper
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and 3He from the Khalatnikov model, giving hK(4He)/hK(3He) = 1.2 ∼ 2.6. At KEK,
we are currently performing measurements of heat conduction in superfluid helium
and Kapitza conductance to validate these calculations. First results are encouraging
and point to a kG of around 40.
To be able to fit sufficient radiation shielding between the target and the 3He
cryostat, the conduction channel needs to be about 2 m long. Gorter-Mellink con-
ductance strongly depends on the cross section of the channel, so we chose a large
diameter of 15 cm. The conduction channel also acts as UCN guide (see section 5),
i.e. the surface of the heat exchanger in contact with the superfluid has to have a
UCN-compatible, smooth surface. This smooth surfaces cannot be made arbitrarily
large, since it would also increase the required amount of expensive 3He. Hence, the
Kapitza conductance of the superfluid-copper interface incurs the largest temperature
gradient.
Assuming we can cool the 3He reservoir to 0.8 K, removing the expected heat
load of 10 W with a pumping speed on the order of 10 000 m3 h−1, we can calculate
the temperature gradients caused by Kapitza and Gorter-Mellink conductance. With
a kG of 40, the expected temperature of the UCN-production volume is between
1.08 K and 1.14 K. Kapitza conductance accounts for two thirds of the temperature
difference between 3He and UCN-production volume, Gorter-Mellink conductance for
one third.
When taking into account all these effects, the temperatures reached with a direct-
pumping solution and a 3He fridge are comparable. The cost for the additional
pumping speed required for a direct-pumping solution are comparable to the cost of
3He and additional isotopically purified 4He required for a 3He fridge. Ultimately,
we chose a 3He fridge since it can reach lower temperatures at smaller heat loads,
while the rapidly dropping 4He vapor pressure limits the direct-pumping solution to
temperatures above 1.1 K. Additionally, the direct-pumping performance is critically
dependent on the difficult-to-estimate pressure drop in the pumping duct; the higher
3He vapor pressure allows more flexibility in the duct design.
5 Transport of ultracold neutrons
The ultracold neutrons produced in the source have to be transported from the pro-
duction volume buried in radiation shielding to the EDM experiment or a planned
second UCN port. About 10 m of UCN guides are required, see fig. 4. Their transport
efficiency is one of the most critical parameters determining the UCN density that
can be delivered to the experiment. To optimize the guide geometry, we performed
extensive analytical and simulation studies.
The diameter of the superfluid-helium-filled UCN guide needs to be large, since
it doubles as a heat-conduction channel (see section 4). Although large diameters re-
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Figure 4: UCN-guide geometry and UCN-handling components for the next-
generation UCN source and EDM experiment. Neutron moderators, radiation shield-
ing, 3He cryostat, and magnetic shielding for the EDM experiment are not shown.
duce UCN-transport losses, the increased volume dilutes the UCN density in the EDM
experiment. Studies with varying diameters, taking into account the simultaneously
varying temperature gradients, show that a diameter of 15 cm to 18 cm is optimal.
Even larger diameters are favorable for the heat exchanger. However, due to the costs
of larger amounts of 3He required for a larger heat exchanger we chose diameters for
conduction channel and heat exchanger of 15 cm. To reduce heat load, the UCN pro-
duction volume and conduction channel have aluminium-6061 walls. Since the Fermi
potential of aluminium is too small to confine useful numbers of ultracold neutrons, it
will be plated with nickel-phosphorus, allowing the source to store ultracold neutrons
with energies up to 213 neV.
We decided to gravitationally confine the superfluid helium by adding a vertical
dogleg to the UCN guide downstream of the heat exchanger, see fig. 4. This design
avoids a cold window separating the superfluid helium from the guide vacuum. A
warm window is still required to avoid contamination of the source, but there is
no risk of freezing residual gas on the cold window, reducing UCN transmission.
Increasing the height of the dogleg will soften the UCN spectrum, allowing longer
storage times in the experiment. However, a higher dogleg will lower the high-energy
cutoff of the spectrum. Our studies currently favor a height between 30 cm and 70 cm
for the EDM experiment.
Above the dogleg, the UCN guide transitions from cryogenic to room temperature
and ends in a UCN valve followed by a warm foil separating the helium vapor from
the UCN-guide vacuum. The valve will allow different operation modes, e.g. a batch
mode accumulating ultracold neutrons in the source and then opening the valve,
or a steady-state mode continuously producing ultracold neutrons with the valve
open. The foil will most likely be an 0.1 mm-thick aluminium foil. To avoid losing
all ultracold neutrons with energies below the Fermi potential of aluminium, we will
place the superconducting polarizer magnet required for the EDM experiment around
the foil, see fig. 4. We are considering other foil materials with lower Fermi potentials,
like titanium or polyethylene, which would give us more flexibility where to place the
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polarizer.
To avoid diluting the UCN density, the UCN guides downstream of the heat ex-
changer will have a smaller diameter than the conduction channel. A narrower dogleg
additionally reduces heat load due to thermal radiation, conduction, convection, and
superfluid film flow in the transition region. An existing superconducting polarizer
magnet limits the guide diameter to 8.5 cm. However, our studies seem to favor a
slightly larger diameter of 10 cm, potentially requiring a new polarizer. Downstream
of the polarizer, the guides have to be coated with materials preserving the UCN
polarization, e.g. nickel-molybdenum or nickel-phosphorus. A two-way valve will
provide ultracold neutrons to either the EDM experiment or the second experimental
port.
The final leg of the UCN guides penetrates through the radiation shielding and
splits to supply ultracold neutrons to both storage cells of the EDM experiment, see
fig. 4. To estimate how long the EDM experiment has to operate to achieve the
aspired statistical sensitivity, we performed studies taking into account all the afore-
mentioned effects: temperature-dependent up-scattering in superfluid helium and
helium vapor, losses on reflection of UCNs from walls, shifting of the spectrum in the
dogleg, losses in the valves, and losses in the foil and polarizer. Similar simulation
studies for our current prototype source showed excellent agreement with the exper-
imental data [15]. For the EDM experiment, we also take into account polarization
losses during transport and during storage in the experiment, spectrum-dependent
storage times in the experiment, and losses during UCN detection.
The most important parameter is the transport efficiency of the UCN guides. We
typically assume a diffuse-reflection probability of 3 %, giving a transmission efficiency
for straight guides of 90 % m−1. With these assumptions we expect a polarized-UCN
density in the EDM cells of 350 cm−3. Taking into account typical time periods during
which the EDM experiment cannot operate—e.g. during working hours with increased
environmental noise, while magnetic shields are de-gaussed, while the electric field is
inverted, etc.—we expect to reach a sensitivity of 10−27 e cm within 400 beam days.
6 Conclusions
We worked out a conceptual design for a next-generation source for ultracold neutrons
at a new, dedicated neutron spallation target at TRIUMF. It will be based on a
superfluid-helium converter, cooled to 1.1 K by a 3He fridge, and a liquid-deuterium
cold-neutron moderator. Detailed design of neutron moderators, the liquid-deuterium
system, 3He cryostat, and radiation shielding is currently ongoing and supported
by extensive studies to optimize it for a neutron-EDM experiment. The source is
scheduled for installation and commissioning in 2021.
For the new EDM experiment, we are currently testing first components, including
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high-voltage electrodes with co-magnetometer gases, magnetometers, and magnetic-
field coils. The recently installed prototype UCN source helps us to characterize UCN
guides, storage cells, valves, polarizers, and detectors.
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